Navier-Stokes solution technique
has been sucessfully used to design vortex generator installations for the purpose of minimizing engine face distortion by restructuring the development of secondary flow that is induced in typical three-dimensional curved inlet ducts. The results indicate that there exists an optimum axial location for this installation of co-rotating vortex generators, and within this configuration, there exists a maximum spacing between generator blades above which the engine face distortion increases rapidly. Installed vortex generator performance, as measured by engine face circumferental distortion descriptors, is sensitive to Reynolds number and thereby the generator scale, i.e. the ratio &generator blade height to local boundary layer thickness. Installations of co-rotating vortex generators work well in terms of minimizing engine face distortion within a limited range of generator scales. Hence, the design of vortex generator installations is a point design, and all other conditions are off-design. In general, the loss levels associated with a properly designed vortex generator installation are very small, thus they represent a very good method to manage engine face distortion. This study also showed that the vortex strength, generator scale, and secondary flow field structure have a complicated and interrelated influence over engine face distortion, over andabove the influence of the initial arrangement of generators.
INTRODUCTION
Modern tactical aircraft are required to be maneuverable at subsonic, transonic, and supersonic speeds, without giving up good cruise performance. Consequently, proper integration of the engine inlet with the airframe is of paramount importance. Regarding the enhancement of inlet performance and operation, design for optimum airframe-inlet integration has the following goals: (1) to minimize approach flow angularity with respect to the inlet cowl lip, (2) to deliver uniform, high pressure recovery flow to the inlet face, (3) to prevent or minimize vortex, wake, and boundary layer ingestion by the inlet throughout the flight envelope, (4) to reduce FOD, hot gas ingestion by the inlet, and finally (5) to minimize the potential for flow field interference from weapon carriage/firing, landing gear deployment, tanks, pods, or other hardware. The combination of inlet design and airframe integration must not only provide high pressure recovery to maintain the desired thrust levels, but also generate low flow distortion consistent with stable engine operation.
Engine face flow distortion is one of the most troublesome and least understood problems for designers of modern inlet engine systems (Refs. 1 and 2). One issue is that there are numerous sources of flow field distortion that are ingested by the inlet or generated within the inlet duct itsel£ Among these sources are (1) flow separation at the cowl lip during maneuvering flight, (2) flow separation on the compression surfaces due to shock-wave boundary layer interactions, (3) spillage of the fuselage boundary layer into the inlet duct, (4) ingestion of aircraft vortices and wakes emanating from upstream disturbances, and (5) secondary flow and possibly flow separation within the inlet duct itself.
Most aircraft have experienced one or more of these types of problems during development, particularly at hi.'gh Mach numbers and/or extreme maneuver conditions, such that flow distortion at the engine face exceeded aUowable surge limits. Such compatibility problems were encountered in the early versions of the B70, the F-111, the F-14, the MIG-25, the Tornado and the Airbus A300 to name a few examples.
One of the most commonly used methods to control local boundary layer separation within inlet ducts entails the placement of vortex generators upstream of the problem area. Vortex generators in use today are small wing sections, mounted on aircraft wing surfaces or the inside surfaces of inlet ducts, inclined at an angle to the oncoming flow to generate a shed vortex. The generators are usually sized to local boundary layer height to allow for the best interaction between the shed vortex and boundary layer itself, and are usually placed in groups of two or more upstream of the problem area. The principle of boundary layer control by vortex generators relies on the induced mixing between the external or core stream and the boundary laver region. This mixing is promoted by vorticies trailing longitudinally over the duct surface adjacent to the edge of the boundary layer.
Fluid particles with high momentum in the streamwise direction are swepted along helical paths towards the duct surface to mix with and, to some extent, replace the low momentum boundary layer flow. This is a continuous process that provides a source of reenergization to counter the natural boundary layer growth caused by friction, adverse pressure gradients, and low energy secondary flow accumulation. There are two basic configurations of vortex generators.
In one configuration, all the vortex generators are inclined at the same angle with respect to the oncoming flow direction. These are called co-rotating configurations because the shed vorticies rotate in the same direction.
In the other configuration, the vortex generators are grouped in pairs inclined in the opposite direction to the flow, such that pairs of counterrotating shed vorticies are generated.
Co-rotating vortex generators are very competitive in reducing flow separation if the generators are properily selected and located. The main advantage of co-rotating type vortex generators are their downstream effectiveness, resulting in more effective usage of the vortex energy within the affected boundary layer. According to design "wisdom", this type of vortex generator has a few special advantages when used within S-duct inlet configurations, namely:
(1) the induced vortices will remain close to the wall; consequently a "cleaner" core flow will result, and (2) the induced vorticies will counteract the natural and often strong secondary flows which can develop. In general, the design strategy adopted in these studies was basically a boundary layer approach, whereby the vortex generators provided a continuous re-energization of the boundary layer to prevent flow separation.
Counter
Thus, improved engine face distortion levels were achieved by preventing local flow separation within the inlet duct. However, vortex generators within inlet ducts did not always perform as expected, primarily because the flow environment in which they were positioned was not properly taken into consideration. The "design rules" for the geometry and placement of vortex generators were based on two-dimensional boundary layer concepts, and they did not operate well in regions with high secondary flow. Later studies will envolve the effect of Vortex ingestion on the engine face flow field itself.
The overall goal of this effort is to advance the understanding and control of engine face distortion, and in particular, to analyze the basic interactions that can influence this important design problem.
Specifically, the current paper achieves two goals, namely:
(1) the development and validation of subsonic RNS computational techniques for analysis of general geometry' inlet ducts with "real" vortex generator model capabilities, and (2) the formulation of a design strategy using CFD for the use of vortex generators to control the development of secondary, flow within inlet ducts to minimize the engine face distortion.
THEORETICAL

BACKGROUND
The reduced
Navier-Stokes (RNS) equations, originally termed parabolized Navier-Stokes (PNS) equations, and more recently semi-elliptic, or partially parabolic, are used here as an initial-value space marching method for the evaluation of subsonic compressible flow with strong interactions and/or separation arising from internal vortex flows. Techniques that use space marching with an approximate form of the RNS equations, namely initial-value methods and those that require three-dimensional global iterations, have been used for a number of years to predict flows in curved ducts and turbomachinery blade cascades. Unfortunately, this terminology does not identify the relevant mathematical approximations nor does it distinguish these approximations from the properties of the solution algorithm and the differential or difference equations.
In other words, different methods within the same "category" will in some instances give significantly different results.
Partitioned Geometry and Mesh Generation
Three-dimensional viscous subsonic flows in complex inlet duct geometries are investigated by a numerical procedure which allows solution by spatial forward marching integration, utilizing flow approximations from the velocity-decomposition approach of Briley and McDonald (Refs. 9 and 10). The goal of this approach is to achieve a level of approximations that will yield accurate flow predictions, while reducing the labor of solution below that of the full Navier-Stokes equations.
The governing equations for this approach have been given previously for orthogonal coordinates, and the approach has been applied successfully to problems whose geometries can be fitted conveniently with orthogonal coordinate systems (Ref. This version of the 3D RNS computer code is called RNS3D. The geometry description within the gridfile is a "ducted" geometry which has a variable crosssectional area and shape and a centerline which is curved and possibly twisted. In addition, the duct described by the gridfile is considered to have a defined centerline with continouus second derivatives.
The surface geometry is described in terms of cross-section'al planes which lie perpendicular to the duct centerline, and thus represent the flow area at each streamwise station. Since the inlet duct geometry definition has been reduced to a cross section specification which is placed perpendicular to a centerline space curve, then a number of grid and geometry preprocessing functions may be performed using RNS3D. These pre-processing functions include: (1) reclustering the existing gridfile mesh points distribution for more accurate solutions in regions of high shear, (2) redefining the centerline space curve to satisfy design constraints, and (3) altering the cross-sectional shape of the inlet duct to reflect specified design iterations. The approach taken by Anderson (Ref.
3), is to develop a geometry pre-processor to augment the existing geometry and grid generation programs for internal inlet duct configurations, i.e. to partit.ion the "work'" of mesh generation between the grid generator and flow solver.
Vortex Generator Model
The model for the vortex generators within the RNS analysis, described by Kunik (Ref.
16), takes advantage
of the stream function-vorticity formulation of the governing equations. The shed vortex is modeled by introducing a source term into the vorticity equation that is a function of the geometric characteristics of the generators themselves. This source term is introduced at every point in the cross-plane in the form of the following expression rp = r0 e- (c,,5 (I) where Fp is the vortex strength at any point in the crossplane, F0 is the vortex strength at the tip of the generator, r is the distance between the field point and at the tip of the generator, and ci is a constant which controls the decay of the shed vortex strength in the crossplane. 
Steady State Engine Face Distortioh Descriptors
It is impractical to measure anything at the engine face when the engine is installed and operating, consequently, the engine and inlet designers agreed upon an Aerodynamic Interface Plane (AIP) which is forward of the compressor face but sufficiently close to the engine face to have a similar flow field. Current U.S. practice uses forty or forty-eight transducer probes arranged in eight rakes with five or six rings. The radius of each ring is set such that all probes are at the centroid of equal areas.
All distorton descriptors, whether they quantify steady state or transient distortion conditions, are always calculated relative to the standard rake located at the AIP.
The most widespread quantitative distortion descriptor available in the literature, because of its use in the earliest measurements on inlet ducts in the late 1950"s, is simply:
where Ptm_, is the maximum rake total pressure, Ptmi, is the minimum rake total pressure, and Pt,,, is the area weighted average rake total pressure. In experimental data reduction, it is assumed that the both the static pressure and temperature are constant and stead)" across the aerodynamic interface plane (AIP); thus both the velocity and Mach number can be considered functions only of total pressue and the distribution of this quantity is the only measurement that needs to be made.
This parameter is always useful to determine for comparison purposes and to describe the 'general health' of inlet ducts irrespective of the type of powerplant that may be used.
The effect of circumferentialdistortion on compressorsurgemargin is essentiallyto drop the maximumpressureratio of a constantcorrectedspeedline. One of the simplestquoted descriptor for circumferentialdistortion is from Rolls Royceand is definedas
where Pt_,, and q,,, are the average total and dynamic pressure at the engine face or aerodynamic interface plane and Ptmm is the mimimum total pressure in any pi-section of extent 0. Significant 0 values can vary with engine design and commonly are 60", 90", and 120°. For bypass engines, a circumferential distortion descriptor DC,__a is often used, where GG indicates that the index is taken over the area of the gas generator.
More advanced distortion descriptors, introduced in the late 1960's and 1970"s, take into account the Dt distortion of each ring of total pressure measurements. Thus, the radial distortion Dr, is defined as
where Pt,,, is the average total pressure for a given ring radius and Ptmu is the maximum local ring total pressure.
The circumferential distortion Dte is defined as:
where Ptm,, is the lowest average total pressure in any 0 segment, usually 60* or 180" of arc for a given ring radius having an average ring total pressure Pt,,.
The ring distortion descriptors Dr, and Dte are both functions of engine face radius, and will be expressed in terms of normalized" engine face radius, i.e., where r is the engine face field point radius, rao,, is the radius of the engine dome, and r,o,_ is the engine cowl radius. A polar grid topology (Fig. 2) was chosen for the University of Tennessee diffusing S-duct, consisting of 49 radial, 49 circumferential, and 101 streamwise nodal points in the half-plane. The internal grid was constructed such that the transverse computational plane was perpendicular to the duct centerline.
RESULTS
AND DISCUSSIONS
Comparison and Validation with Experimental Data
Grid clustering was used both in the radial and circumferential directions to redistribute the nodal points along these coordinate lines to resolve the high shear region near the wall and the separation region in the second bend. As separation was encountered in the second bend of the S-duct, three pairs of vortex generator devices were installed in the duct at X/D,= 0.09, and at circumferential angles of-38.0, 0.0, and + 38.0 degrees.
The vortex generator pairs had geometric incidence angles of + 16.0 and -16.0 degrees relative to the duct centerline. Fig. 4 shows the comparison between the experimental and computed total pressure coefficient contours at X/D,= 5.2. Comparison of contour levels between the separated case ( Fig. 3) , and the vortex generator case (Fig. 4) , shows that the vortex generators successfully mixed the high energy core flow with the low energy flow in the wall region to suppress separation.
In general, the computed interaction between the induced vortex generator flow and the pressure driven secondary flow was physically realistic and the agreement between experiment and analysis is considered very good, although morz improvements on the generator model must be made.
Figs. 5 and 6 show additional flow characteristics obtained with the 3D RNS analysis with the vortex generator modeling.
The secondary flow structure from the vortex generator model just downstream of the generator region, i.e. at X/D, = 0.18 is shown in Fig. 5 , and clearly reveals the three pairs of vortices that arise from the three pairs of counter-rotating generators. The limiting streamline signature shown in Fig. 6 indicates that the generator configuration tested eliminated the flow separation encountered in the second bend, and reveals the familiar topographical pattern through the generator region itself.
Flow Separation and Vortex Liftoff
The three-dimensional separation encountered in the University of Tennesse diffusing Sduct was ve_' large in area and thin in extent ( Figs. 7 and 8 A comparison between the computed oil flow patterns (represented by the limiting streamline topology in Fig. 7 ) and the experimental oil flow patterns presented in Fig. 8 shows excellent correspondence.
Of cxceptional importance is the fact that the space marching RNS analysis method using FLARE approximations captures the reverse flow region of this separation.
To meet the required confidence level of code validation, it is also essential that the 3D RNS. marching analysis be able to capture ........ the known topological structure of the limiting streamlines in the vicinity of a three-dimensional separation.
A very striking and significant feature captured by the analysis (Fig. 9) , and seen in the oil flow pattern (Fig. 8) , is the convergence of the limiting streamlines as an indication of three-dimensional separation taking place in this duct.
Another important and striking feature is the symmetric pair of spiral nodes and pair of saddle points that were clearly captured by the 3D RNS analysis. The topological patterns, as shown in the analysis Fig. 9 , and the photograph of the surface oil flow pattern Fig. 8 The large sec-onda_" flows thus generated often exert an appreciable influence on the primary flow, and thus aerodynamic performance, viscous losses, and engine face distortion can be significantly affected. Therefore, the design problem is to control the three-dimensional secondary flows that are generated within typical inlet ducts through an arrangement of vortex generators for the purpose of minimizing engine face distortion, and the effectiveness of the the design is judged by standard engine distortion descriptors.
Inlet Duct and Vortex Flow Control Design Variables
The 727/JT8D-100 center inlet duct geometry and computational grid used in this study is shown in Fig. 10 , and the single block polar cross-sectional grid topology, with 99 radial and 49 circumferential grid points in the half-plane is presented in Fig. 10 (fl,,) . For all the calculations within this study, the vortex generator blade height (h/R,) was set a 0.075, the ratio of generator height to chord length (h/c) was fixed at 0.5, and the vane angle of attack (/Lz) was set at 16.0°. Instead of the usual spacing parameter (d]R,), i.e. the distance between adjacent blades, the positioning of the vortex generator blades was described in terms of a spacing angle (_) and a sector angle over which the blades were positioned (0_). For this study, the relationship between blade spacing angle (_,,) and sector angle (0_) is given b,
where (n,_) is the number of vortex generator blades. Equ. (7) was also used to position the individual generator blades around the inside periphery of the inlet duct at a given axial sector location (X,_/R,). The angle (0,) was measured counter-clockwise relative to an azimuthal angle of 180* with respect to the vertical axis of the duct. Fig. 13 are the axial locations of the vortex generator sector regions (X_IR,) covered in this study.
Shown in
These sector regions were located between X,z/R_ = 2.0 and X_/R, = 7.0, and cover a sector angle (0,) up to 157.5" as measured counter-clockwise relative to an azimuthal angle of 180* with respect to the vertical axis of the duct. It is evident that the low enersy region associated with the induced vortex pair en-• larges between a Reynolds number of 16.0xl@ and 4.0x106 (Fig. 14) , and that this enlargement was accompanied by an increase in the peak 60°-sector circumferential ring distortion from 0.045 to 0.082 (Fig. 15 ). In addition, peak 60°-sector circumferential distortion is moving radial towards the engine face centerline as the Reynold's number decreases.
Presented in Figs. 16 through 20 are various aspects of vortex interactions with the secondary flow generated within the 727/JT8D-100 center inlet duct induced by the vortex generator installations defined in Tables I through  III . All of these interaction are described in terms of the 60°-sector circumferential ring distortion descriptor, which is a function of the engine face radius. The effect of sector angle on engine face circumferential distortion (Configs. 1 thru 4) is presented in Fig. 16 , while the influence of sector location (Configs. 5 thru 10) is presented in Fig. 17 . In each of these cases, the vortex generator height and generator vane angle of attack were held fixed, along with the number of vortex generators and spacing angle. Thus, for this installation of vortex generators, there is an optimum axial sector location, between 5.0 and 6.0,. which will minimizes the 60°-sector circumferential distortion. This phenomenon will be discussed in greater detail in the next section.
Choosing
the axial sector location of 5.0 as the optimum station for this installation of co-rotating vortcx gcncrators, Fig. 1S and 19 present the effects of spacing angle and sector angle on the 60°-sector circumferential ring distortion as a function of engine face radius. These installations of generators are Conflgs. 11 thru 14 and 15 thru 18.
The effectof Reynold'snumberon the installedperformanceof vortex generatorConfig. 8, as measuredby the 60°-sectorcircumferential pressurering distortion descriptor,is presented in Fig. 20 . The vortex generatorsinstallation wasdesignedat a Reynold'snumber of 12.0x106, and it is quite apparentthat the minimumdistortion occursat this condition. Note also the significant differencein both the leveland shapeof the the distortion signatureas a function of engine faceradius. The Reynoldsnumbereffecton installedvortex generatorperformancewill be examinedin greaterdetail in the following section.
Design Characteristics of Co-Rotating Generators for Vortex Flow Control
Figs. 22 through 33 present a summary of the installed performance of vortex gen__erator configurations 1 through 22 in terms of the engine face average total pressure recovery (Pt,APto) and the "peak" or maximum 60*-sector circumferential ring distortion descriptor that were presented in Figs. 14 thru 20 . Also included on these figures are the engine face total pressure re-cover3' ma_p_s for each of the cases considered in this study. The engine face total pressure recovery (Pt,APto) is presented both as a mass flow averaged value over the cross-sectional computational mesh, which was composed of 99 radial and 49 circumferential points in the half plane, and as area averaged value over a standard 40-probe rake.
The standard 40-probe rake characteristics were included in this this study in order to determine whether this rake is sufficant to be used for vortex generator experiments.
Bear in mind that because the computations were performed in the half-plane, the 40-probe standard rake compares with 9,702 computational mesh points in the plane of the engine face. A schmatic diagram of a 40-probe standard rake showing the individual probe locations is presented in Fig. 21 .
The effect of Reynolds number on engine face total pressure recovery and peak 60°-sector circumferential pressure ring distortion is presented in Figs. 22 and 23 for the baseline configuration without vortex flow control.
There is a significant decrease in the total pressure recover3', from 0.982 to 0.979, and an increase in the maximum circumferential pressure ring distortion, from 0.045 to 0.087, over the Reynolds number range from 16.0xl@ to 4.0xl@.
Note also that. area averaged engine face total pressure recovery using a standard 40-probe rake poorly represents both the level and trends of this Reynolds number phenomenon.
Presented in Figs. 24 and 25 is the effects of vortex generator sector angle on engine face total pressure recovery and maximum 60°-sector circumferential pressure ring distortion at a axial sector location of 2,.0, and generator spacing angle of 15.0°. As the number of vortex generators is increased, at a constant spacing angle, the sector angle angle increases according to Equ. (7), and this has the effect of decreasing the peak 60°-sector circumferential ring distortion as shown in Fig. 25 . Since there are a discrete number of generators that can be placed around the inside periphery of the inlet duct, a minimum distortion will occure at a sector angle of 180°.
Figs. 26 and 27 presents the effect of vortex generator sector location on the average engine face total pressure recovery and the peak 60°-sector circumferential pressure ring distortion. For the installation of co-rotating vortex generators defined by Configs. 5 thru 10 in Tabel I, the optimum axial location lies between 5.0 and 6.0, and the overall circumferential distortion within this range of axial positions is less than 0.01. Thus, for a given co-rotating vortex generator installation, there exists an axial position within the inlet duct which provides a minimum engine face circumferential distortion.
Presented in Figs. 28 and 29 Increasing the vortex generator spacing angle does indeed increase the retention of the individual vortex identities, as can clearly be seen from the series of compressor face total pressure maps presentd in Fig. 29 , however, while this design guideline is good for supressing, local flow separation, it actually increases the circumferential distortion index.
There was a pnmary flow separation in the baseline 727]JT8D-100 inlet, both in the experimental and computational duct, and this separation was associated with vortex liftoff. Each of the vortex generators installations presented in Fig. 29 supressed this local flow separation. However, if a circumferential distortion descriptor is used as the measure of effectiveness, then it is desirable to have closer spacing between vortex generators than would normally be used to supress local flow separation.
The effect of the vortex generator sector angle on the maximum 60°-sector circumferential pressure ring distortion at an axial sector location of 5.0, (Configs. 15 thru 18 in Table II) , is presented in Figs. 30 and 31 . The relationship between number of vortex generators and the sector angle for a fixed spacing angle is again given by Equ. (6.0).
In comparison with a similar study done at the axial sector location of 3.0 Fig. 25 , it is clear that this installation of co-rotating generators is best located at an axial location of 5.0. Had another installation of generators with different physical dimensions been chosen, then a different optimum axial sector location would have resulted.
The effect of Reynolds number on engine face recovery and distortion for the vortex generator Config.
8 is presented in Figs. 32 and 33 . For this installation of vortex generators, the average total pressure recovery level (P---t,:/Pto) and maximum 60*-sector circumferential pressure ring distortion index remain reasonably level between the Reynolds numbers of 16.0x10 _ and 8.0x10 +. For Reynolds number less than 8.0x10 _ the flow at the engine face "breaks" down and the distortion increases very rapidly. The systematic and continuous nature of the flow field breakdown can be seen in the engine face total pressure recovery ma.ps presented in Fig. 33 The experimental and computed engine face total pressure contours for the 727_ JTSD-100 baseline duct without vortex generators is shown in Fig. 34 . The experimental model had an engine nose dome of elliptical shape of aspect ratio 2.0, while the calculations were performed without the dome for simplicity'. In general, the comparision between analysis and experiment is quite good, bcaring in nfind that the exact tunnel conditions were not specified in Rcf. 7, nor is the influence of the nose dome understood. The effect of the nose dome on the engine face total pressure recoveD' map and distortion level has never been systematically studied, but some performance advantage might be gained since the circumferential distortion descriptors are ve_" sensitive to both level and distribution. Fig. 35 present a comparision between the engine face total pressure map with the "best" experimental vortex generator installation (Config. 12 in ReE 7), and RNS3D results with the generator pattern which can be gleaned to be most similar to the experimental installation (Config.
3 in Table I ). Both vortex generator installations were composed of seven pairs of corotating generators assumed to be symmetrically located about the 180°azimuthal reference, and positioned at an axial location of 3.0. However, the experimental generator installation also contained three pairs of counter-rotating generators located symmetrically about the 0.0°a zimuthal reference, and positioned just upstream of the engine face, while the calculations did not include any counter-rotating generators.
In general, calculations of the vortex generator flow field, and in particular the engine face total pressure distortion map, shows remarkable agreement with the measured engine face recovery map.
Presented
in Fig. 36 Table II ). The computational vortex generator installation was composed of eleven pairs of co-rotating generators located at an axial sector location of 5.0. While the computational vortex generator installation had one additional pair of generators over the experimental configuration, the additional loss associated with this pair will be remarkable small as indicated in Table IV . The measured loss level resulting from ten pairs of vortex generators is 0.002 as presented in ReE 7, thus the loss level associated with the additional pair will be very small. The loss levels associated with properly design vortex generators installations are in general very small, and thus they represent a very good method to manage engine face distortion by restructuring the development of the secondary flow that is induced within three-dimensi0nal curved inlet ducts.°C
ONCLUSIONS t
The present results provide a validation of the initial value space-marching 3D RNS procedure and demonstrate accurate predictions of the compressor face flow field, with a separation present in the inlet duct as well as when vortex generators were installed to suppress separation. The computing time on the CRAY XMP (i.e., CPU = 6.5 min. for 2.28 x l0 s grid points) for University of Tennessee diffusing S-duct configuration for both the baseline and the the case with three pairs of counter-rotating vortex generators, is sufficiently rapid for routine use in an analysis and design environment. Re 
